Abstract: Conventional fiber-Bragg-grating (FBG)-based sensor networks based on either wavelength-or time-division-multiplexing (WDM or TDM) schemes may suffer from low interrogation speed with moving mechanical parts or inevitable crosstalk between nodes with the same Bragg wavelength. In this paper, by incorporating both TDM and WDM schemes into matched FBG-based sensor networks and facilitated by the high-speed electronic platform, we achieve 400-kHz sampling speed for each sensor node with a 5-meter spatial resolution. Semidistributed strain measurement is demonstrated on a turbine blade model with results comparable to those by accurate spectral analyses.
Introduction
Optical fiber sensors are attracting more and more attention due to intrinsic advantages such as superior reliability in harsh environments, high accuracy and sensitivity, as well as immunity to electromagnetic interference (EMI). Among various fiber sensing schemes, fiber Bragg gratings (FBGs) have been widely deployed in many applications [1] - [5] , including oil pipeline surveillance, structure healthy and safety monitoring, battlefield precaution, etc. Among various techniques for efficient FBG-based sensor applications, there are two major challenges in terms of practical feasibilities, i.e., cost-effective interrogation and network scalability.
To achieve FBG sensor networks with large number of nodes, different interrogation and multiplexing schemes have been demonstrated. Demodulation approaches include Fabry-Pé rot (F-P) scanning filter or tunable/switchable laser sources [6] - [9] , interferometry [10] , Fourier analysis [11] , and so on [12] - [15] . Therefore, wavelength-division multiplexing (WDM) or time-division multiplexing (TDM) is utilized by incorporating such schemes to enhance the network capability or perform simultaneous measurements of different parameters (e.g., temperature and strain) [16] - [21] . On the other hand, in addition to the cost effectiveness, there are well-known pros and cons of either WDM or TDM configuration: The WDM approach may provide high accuracy but generally suffers from low demultiplexing speed and reduced reliability mainly due to moving mechanical components (e.g., F-P filter), while the TDM-based sensor network can provide high detection speed, but the accuracy is limited by the low signal-to-noise ratio (SNR) because of the crosstalk among sensor nodes with the same Bragg wavelength and different reflectivity [16] , [17] . Schemes utilizing both TDM and WDM were firstly proposed back in the 90s [22] , although only the WDM part was experimentally demonstrated. In addition, feasibilities of such schemes into high-speed sensor networks with more than a few nodes have been limited for years due to the difficulties of (highspeed) directly modulated broadband light sources, fabrication of series of FBG nodes on a single fiber (i.e., without optical connectors), as well as high-speed electronic signal processing platform through power detection (in fact, FBG sensor demodulation schemes based on power detection were also proposed back in the 90s [23] , [24] ).
In this paper, aided by a high-speed electronic design, we incorporate both the WDM and TDM configurations into FBG-based sensor networks to demonstrate a practical design of high-speed semidistributed strain measurements. The main advantages of such approach include: i) highspeed acquisition through time-sequence detection of reflected signal power and enhanced reliability without moving mechanical parts (compared to the WDM approach); ii) reduced crosstalk among nodes utilizing different Bragg wavelengths (compared to the TDM approach); ten matched gratings are used in the strain measurements on a turbine blade model with 400-kHz sampling speed for each individual node and a spatial resolution of 5 meters. The measurement results are further improved using a composite filtering algorithm with the final accuracy comparable to that by optical spectrum analyses. In addition, such approach is also inherited with lower cost as only (relatively) high-speed electronics are required for optical power measurements. The designed prototype after engineering refinement is expected to be deployed in different fields, such as highspeed railway systems (e.g., strain measurement of rails), wind power systems (e.g., instantaneous strain measurement of turbine blade for turbine pitch systems), and health monitoring of large constructions (e.g., buildings, dams, and bridges).
Principle and Setup
The conceptual diagram of the proposed scheme is shown in Fig. 1 . A superluminescent lightemitting diode (SLED) is used as the broadband light source. The SLED can be directly modulated up to 200 MHz to generate pulsed signals in the time domain for TDM sensing configurations. To incorporate both WDM and TDM configurations, we utilize two series of FBGs, i.e., the sensing FBG , and more importantly, the Bragg wavelength of an FBG along the reference FBG series ðFBG 2i Þ is the same as (or matched to) that of the corresponding FBG along the sensing FBG series ðFBG 1i Þ. Note that the principle of matched gratings has been discussed in [25] and [26] and experimentally demonstrated by us for railway applications in [27] and [28] .
Such configuration has several advantages: i) As the reference FBG series is matched with the sensing FBG series, we can using simple and high-speed power detection for the demodulation in the time domain (i.e., P 1 ; P 2 ; . . . ; P N ) instead of complicated wavelength demodulation schemes; ii) as all the FBGs of either FBG series have different wavelengths, all the FBGs can be designed with high reflectivity to enhance the SNR of detected signals and eliminate the crosstalk problem in conventional TDM configurations (i.e., with the same wavelength but different reflectivity values); iii) if the sensing and reference FBG series are under the same environments, measurements of specific parameters (e.g., strain) independent of temperature could be obtained as both are composed of matched gratings and experience the same effect (i.e., wavelength shift) due to temperature perturbations [25] - [27] .
To verify the concept, we build a prototype with most components in one package including the reference gratings, as shown in Fig. 2 . (Fig. 2(a) is the diagram of the experimental setup, and Fig. 2(b) is the corresponding laboratory setup.) Ten FBGs on a single bare fiber with 5-meter spatial intervals (through winding) are mounted on a turbine blade model (about 8-meter long) for measuring the strain distribution along the blade. The fiber length between neighboring FBG nodes of the reference series is also set to be 5 meters (in fact, this number is not critical for the measurements as it only provides the matching functionality). All the FBGs are made with relative uniform characteristics in terms of the bandwidth (0.2 nm) and the reflectivity (9 85%). Turbine blades with lengths more than 50-60 meters are widely used for MW wind turbine generators; therefore, the instantaneous strain distribution of such blades is very important for safety and efficiency and can be measured utilizing FBG sensor arrays [29] . A given amount of pressure is added on a certain position of the blade to generate the strain gradient. As both grating series are under the same laboratory environment, the measurement results are temperature independent. The SLED with an output power of 10 mW and a 3-dB bandwidth of 40 nm is modulated by the digital pulse train with 25-ns pulsewidth but with a 400-kHz repetition rate (a duty cycle 1/100). All the detected signals through the photodetector (a PIN-FET type with 100-MHz bandwidth) are processed using the main board consisting of a preamplifier, analog-to-digital converters (ADCs, ADS6128), a field-programmable gate array (FPGA, EP3C10), and Advanced RISC Machine (ARM, LPC1768) chips. As there are no additional expensive optical components (e.g., F-P filter) involved, the scheme is intrinsically cost effective. Fig. 3(a) shows the optical spectra of both sensing FBGs and matched FBGs. The deviations between the reference gratings and the sensing gratings (mounted on the blade model) are mostly negligible (G 0.05 nm) except the fifth (from the short wavelength side) one (0.15 nm). Such mismatch could be calibrated under different environments so that the sensing results are only related to the applied strain (both FBG series are under the same temperature perturbations).
Experiment Results
To illustrate the advantage of high-speed detection over conventional WDM approaches (i.e., through scanning F-P filters), we record one period (i.e., 2.5 s) of the detected electronic signals with and without external pressure on the blade. As shown in Fig. 3(b) , the SLED is modulated with a short pulse with the pulsewidth of 25 ns (i.e., 40 MHz). Once the modulated signal is reflected back from the sensing and reference FBG series, we could obtain a series of voltage values that indicate the wavelength matching conditions for each FBG node. The insets in Fig. 3(b) clearly show the voltage (corresponding to the detected power) variation for one of the FBG nodes (i.e., #5). Therefore, through simple power detection, we can obtain the semidistributed strain measurement along the blade model. Note that the sampling speed for the ten sensor nodes is 400 kHz (corresponding to the period in Fig. 4 as 2.5 s) .
Although the sampling speed of the proposed sensor network could be as high as 400 kHz (compared to 10 kHz for conventional WDM-based ones), necessary procedures or algorithms have to be applied to minimize the noises risen from the system. These noises include circuit noise, shot noise, spontaneous noise from optical amplifiers, and so on. Without noise reduction, the output data will have severe fluctuations even without environmental perturbations. To do that, we propose a composite filtering algorithm to increase the SNR and deploy it into real-time measurements (i.e., the algorithm is embedded in the ARM chip). Fig. 4 illustrates the flowchart of the algorithm (called E-filtering). The algorithm could be divided into two steps: The first one is similar to the threshold detection by setting initial values (the threshold of voltage x and the size or length of voltage series y ) according to the environmental parameters (e.g., the received optical power), and those voltage values out of threshold within the voltage series a i will be updated. The second step is similar to the sliding-window filtering algorithm to get much stable output by shifting the average window (i.e., the size of the window is y ) step by step.
The effectiveness of the proposed algorithm is shown in Fig. 5 with all the data taken from realtime detected voltages of the turbine blade setup. It is obvious from Fig. 5(a) that the noise has been significantly reduced and the SNR is enhanced subsequently. The output voltages are very stable without external perturbations. Note that here the sampling speed is reduced to 40 kHz as about ten sampling points (i.e., y ¼ 10) are continuously used for the sliding-window algorithm. Moreover, we could re-draw the detected samples using histograms; the comparison of distributions for both cases could give another evidence of the effectiveness [see Fig. 5(b) ]. If we define the dynamic range of the system using the peak-to-peak power or voltages [i.e., S DR ¼ 10logðP max =P min ), where P max and P min correspond to the maximum and minimum detected power values, respectively], the S DR value before E-Filtering is 1.03 dB. After we utilize the composite filtering algorithm, the S DR value is reduced to only 0.31 dB. Therefore, the system is robust to various noise sources. Now we could evaluate our approach on the blade model. The strain distribution is emulated by adding different amount of weights on different locations along the blade model [see Fig. 2(b) ]. Here, we add three different loading values, i.e., 10, 20, and 30 kg. Fig. 6 shows two typical measurement results (dashed lines) using the sensor system, i.e., FBGs #3 and #6 are loaded with different pressures. As it is difficult to measure the strain values using the strain gauges because of the materials used for the blade model, we compare the results with those measured by optical spectrum analyzer (OSA, solid lines). Note here that all detected power are normalized by the maximum ones. Apparently the detected power exhibits a good relationship with the added loadings. In addition, the results measured by the sensor system and the OSA are comparable with slight differences. Therefore, such approach could be utilized for high-speed semidistributed strain measurements. 
Discussion
Although the effectiveness of the proposed sensor network is demonstrated, several points should be addressed about such scheme: i) The temperature independence is only valid under the circumstances where the sensing and reference FBG series are close to each other (i.e., experience same temperature perturbations), otherwise, the contribution of the external temperature has to be calibrated or compensated. ii) Although we have measured the relationship between the strain and detected power for single FBG node on the rails [27] , it would still be beneficial to measure the exact relationship between the stain distribution and the detected power values using the proposed scheme. iii) For the turbine blade application, the sensing FBG series are expected to be buried into the blade for more accurate strain measurements. In fact, we are working on the second and third issues with lots of engineering efforts involved.
Conclusion
A practical design of FBG sensor networks for semidistributed strain measurement has been proposed and demonstrated. Compared to conventional WDM or TDM approaches, the new scheme has advantages, including much higher detection speed without moving components, significantly reduced channel crosstalk based on series of matched gratings with different Bragg wavelengths, and so on. In terms of the network scalability, the proposed scheme is comparable to that of WDM-based approach (i.e., limited by the available wavelength values). Such scheme could be applied into structural health monitoring, strain-distribution measurements of rails and turbine blades, etc. As the detection speed is limited by electronics, it could still be further improved using advanced chips. 
